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ABSTRACT

The mainstay of the global radio occultation (RO) system, the COSMIC constellation of six satellites
launched in April 2006, is already past the end of its nominal lifetime and the number of soundings is rapidly
declining because the constellation is degrading. For about the last decade, COSMIC profiles have been
collected and their retrievals assimilated in numerical weather prediction systems to improve operational
weather forecasts. The success of RO in increasing forecast skill and COSMIC’s aging constellation have
motivated planning for the COSMIC-2 mission, a 12-satellite constellation to be deployed in two launches.
The first six satellites (COSMIC-2A) are expected to be deployed in December 2017 in a low-inclination orbit
for dense equatorial coverage, while the second six (COSMIC-2B) are expected to be launched later in a high-
inclination orbit for global coverage. To evaluate the potential benefits from COSMIC-2, an earlier version of
the NCEP’s operational forecast model and data assimilation system is used to conduct a series of observing
system simulation experiments with simulated soundings from the COSMIC-2 mission. In agreement with
earlier studies using real RO observations, the benefits from assimilating COSMIC-2 observations are found
to be most significant in the Southern Hemisphere. No or very little gain in forecast skill is found by adding
COSMIC-2A to COSMIC-2B, making the launch of COSMIC-2B more important for terrestrial global
weather forecasting than that of COSMIC-2A. Furthermore, results suggest that further improvement in
forecast skill might better be obtained with the addition of more RO observations with global coverage and

other types of observations.

1. Introduction

To quantitatively evaluate the benefits of new obser-
vations in our understanding and prediction of Earth’s
atmosphere, both observing system experiments (OSEs)
and observing system simulation experiments (OSSEs)
are necessary. OSEs are data-denial studies that allow
the evaluation of existing data but cannot be used to
analyze the impact of future observing systems. Atmo-
spheric OSSEs are modeling experiments used to per-
form an objective evaluation of the potential benefits of
proposed observing systems in weather forecasting.
These experiments explore the value of enhancing
the current global observing system with additional
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observations that do not yet exist. As stated in Hoffman
and Atlas (2016), OSSEs provide a rigorous, cost-
effective approach to evaluating the potential impact
of new observing systems and alternate configurations
and deployments of existing systems, and to optimizing
observing strategies. They are also used to prepare for
the assimilation of new types of data, and to optimize the
assimilation of existing data.

The methodology currently employed for OSSEs us-
ing global data assimilation systems was redesigned in
the early 1980s (Atlas 1997; Atlas and Pagano 2014) in
order to increase their realism, and this methodology
has yielded accurate estimates of the potential impact of
several space-based instruments years before their
launch (Atlas et al. 2001). For OSSEs to produce accu-
rate quantitative results, all of the components of the
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OSSE system must be realistic. This includes the fol-
lowing: 1) a long atmospheric model integration using a
“state of the art”” numerical model to provide a com-
plete record of the assumed true state of the atmo-
sphere, usually referred to as the nature run, where the
nature run would represent the main characteristics of
the real atmosphere (e.g., its climatology, general pat-
terns of storm tracks, etc.); 2) observations simulated
from the nature run for existing conventional and sat-
ellite platforms, where these synthetic observations
need to be simulated with the same spatial and temporal
coverage, resolution, and accuracy as the real-world
observations have; 3) simulation of new, proposed ob-
servations from the nature run with realistic coverage
and accuracy; 4) an assimilation system that includes a
numerical model for the generation of first-guess fore-
casts, where the synthetic observations from both the
current and proposed instruments are assimilated and
evaluated; this assimilation system should be of lower
(or at least of similar) resolution than the nature run,
where realistic differences between the nature run and
the model used for assimilation and forecasting should
exist and, ideally, where they should approximate the
differences between a state-of-the-art assimilation sys-
tem and the real atmosphere; and 5) validation of the
entire OSSE system to ensure that the accuracy of the
analyses and forecasts, and the impact of existing ob-
serving systems in the OSSE environment, are compa-
rable to the accuracies and impacts of the same
observing systems in the real world.

Over time, OSSE systems have become more realistic
and robust. In global forecasting, OSSEs are now per-
formed with operational data assimilation systems (e.g.,
Boukabara et al. 2016) and hurricane OSSEs investigate
observing techniques to improve hurricane track and
intensity (e.g., Atlas et al. 2015). An excellent review of
the OSSE methodology and its current status and an-
ticipated progress is provided by Hoffman and Atlas
(2016). Historically, most OSSEs have addressed nu-
merical weather prediction questions. However, there
are emerging needs for new OSSE capabilities (e.g.,
ocean, renewable energy, climate) that will also require
the development of appropriate verification metrics. For
example, Halliwell et al. (2014, 2015) are now conduct-
ing OSSEs for the ocean.

The assessment of the potential impact of observa-
tions from current and future instruments is not without
challenges (English et al. 2013). Modern data assimila-
tion techniques and the large volume of observations
currently being used make the task of showing the im-
pact of a new observing system on forecast accuracy very
challenging. In addition, quantitative impact studies
often show small changes in measures of forecast
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accuracy, and these changes can differ from one study to
another and on the metric selected for the verification.

Global Navigation Satellite Systems (GNSSs) radio
occultation (RO) observations are among the observing
systems making the largest contributions to efforts to
improve global forecast skill (e.g., Healy and Thépaut
2006; Cucurull and Derber 2008; Aparicio and
Deblonde 2008; Rennie 2010; Anlauf et al. 2011;
Cucurull et al. 2013). During a radio occultation event,
the rays connecting the transmitter (a GNSS satellite)
and a low-Earth-orbit (LEO) receiving satellite scan the
atmosphere quasi vertically, providing information on
the thermodynamic state of the atmosphere. While
scanning the atmosphere, rays are refracted as a result of
the different densities of the atmospheric layers. The
total amount of bending accumulated during the ray
path trajectory can be derived from Doppler-shift
measurements and from the knowledge of the exact
positions and velocities of the LEO and GNSS satellites,
along with the assumption of spherical symmetry around
the ray path tangent point (e.g., Melbourne et al. 1994;
Kursinski et al. 1997; Rocken et al. 1997). Profiles of
refractivity are then derived from profiles of the atmo-
spheric bending angle under global spherical symmetry
of Earth’s atmosphere and with the use of some auxiliary
climatology information.

Soundings of the refractivity or bending angle have
been used worldwide in operational global data assimi-
lation since the launch of the Constellation Observing
System for Meteorology, Ionosphere and Climate
(COSMIC) in 2006 (Rocken et al. 2000; Anthes et al.
2008). However, COSMIC is already past the end of its
nominal lifetime and the number of profiles is rap-
idly declining, which has motivated the COSMIC-2
mission, a 12-satellite constellation, to be deployed in
two launches. The first six satellites are planned to be
deployed in December 2017 in a low-inclination orbit
for dense equatorial coverage. The second six will be
deployed later in a high-inclination orbit and will pro-
vide global coverage. However, funding for the second
launch of COSMIC-2 is not yet guaranteed. Recent
studies have shown the negative effects on global
weather forecasting of a possible gap in RO data (e.g.,
Cucurull and Anthes 2015).

Harnisch et al. (2013) used an ensemble of data as-
similations approach to show that no saturation in
forecast skill exists for RO soundings even with 128 000
profiles per day. However, and to the best knowledge of
these authors, no global OSSEs have yet been per-
formed with RO observations. To evaluate the potential
impact of the COSMIC-2 observations, we have
conducted a series of preliminary OSSE:s. First, a sim-
plified OSSE configuration is used to analyze the
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TABLE 1. List of observations assimilated in the control experiment of the simplified experiment configuration.

Conventional obs

Satellite radiance

Temperature AIRS (281-channel subset): Aqua
Moisture

Sounder (ATMS): SNPP
Wind GOES-13 Sounder

GOES-15 Sounder
HIRS-4: MetOp-A, NOAA-19

Surface pressure

AMSU-A: Aqua, MetOp-A, NOAA-15, NOAA-18, NOAA-19; Advanced Technology Microwave

Infrared Atmospheric Sounding Interferometer (IASI; 616-channel subset): MetOp-A
Microwave Humidity Sounder (MHS): MetOp-A, NOAA-18, NOAA-19; SEVIRI: Meteosat-9 (M09)

information content associated with the RO observa-
tions from the COSMIC-2 mission in global weather
forecasting. To quantify the impact of RO data coverage
and data density, both the equatorial (COSMIC-2A,
first launch) and polar (COSMIC-2B, second launch)
components of the COSMIC-2 mission are considered.
Furthermore, the sensitivity of our results to the number
of RO soundings will be addressed.

This paper is structured as follows. A description of the
OSSE system used in this study is provided in section 2.
Results from two different experimental configurations, a
baseline with roughly no satellite or conventional data
and a more realistic series of experiments, which include
the current observing system, are provided in sections 3
and 4, respectively. The sensitivity of the results to the
number of COSMIC-2 soundings is analyzed in section 5.
Finally, section 6 summarizes our main findings.

2. OSSE system setup

The nature run used in the OSSE system was gener-
ated by the European Centre for Medium-Range
Weather Forecasts (ECMWF), using their operational
forecast model version c¢31r1, and runs from 1 May 2005
to 31 May 2006 at T511 (~39-km horizontal resolution)
and with 91 vertical levels (Masutani et al. 2006;
Andersson and Matsutani 2010). From this 1-yr period,
we selected the time frame of 1 July to 30 August 2005 to
conduct our study.

The data assimilation system used in all the experi-
ments was the 2012-year version of the National Centers
for Environmental Prediction’s (NCEP) operational
suite. The Global Forecast System (GFS) model ran at a
lower horizontal resolution of T382 (~52km) as a result
of the lower resolution of the nature run, but with the
same number of vertical levels (64) as in the operational
configuration. All the experiments used the nonhybrid
version of NCEP’s Gridpoint Statistical Interpolation
analysis system (GSI) at T382. This choice was made so
we could run a large variety of experiments relatively
quickly, and without making use of a significant amount

of computer resources. Although the results of this study
cannot be directly extrapolated to the results that we
would obtain with a more modern data assimilation
system (e.g., with an ensemble-based background error
covariance matrix), this simplified OSSE setup enables a
detailed and quantitative investigation of how the
characteristics of the RO measurements impact weather
forecasts.

We conducted two sets of experiments. The first set
investigates the benefits of adding COSMIC-2 sound-
ings to a poor baseline experiment configuration that
assimilates surface pressure observations only. These
experiments provide insight into the information con-
tent in the COSMIC-2 observations, isolated from most
other observing systems.

The second set of experiments uses a control experi-
ment that includes conventional and satellite observa-
tions (see Table 1), and represents a simplified version of
an operational data assimilation system. Here, we in-
vestigate the added value of COSMIC-2 beyond the
conventional and satellite data routinely assimilated at
most operational weather centers. Both sets of experi-
ments consider the impact of the COSMIC-2A (dense
equatorial coverage) and COSMIC-2B (global cover-
age) components of COSMIC-2, independently and
combined. In addition, by controlling the time window
for accepting RO data into the analysis, we examine the
sensitivity of the results to the number of RO soundings
assimilated in both sets of experiments. To quantify the
impacts of COSMIC-2 alone, none of the experiments
that assimilate COSMIC-2 include other RO observa-
tions. A summary of the different experiments is listed in
Table 2.

All the observations used in the experiments (con-
ventional, satellite, and COSMIC-2) were simulated
from the nature run for July—August 2005 by the NOAA
OSSE team, using geographical locations from July to
August 2012 for the conventional and satellite data to
enable simulation of satellite sensors launched after
2005. Realistic orbits were used to simulate COSMIC-2
soundings of refractivity with the U.S. global positioning
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TABLE 2. Summary of the different experiments conducted in this study.

Description Expt Characteristics

Reference run NR Assimilates perfect temperature, wind, and moisture profiles from the nature run

Information content of COSMIC-2 BASE Assimilates surface pressure observations only
BC2EQ BASE plus COSMIC-2A
BC2PO BASE plus COSMIC-2B
BC2 BASE plus COSMIC-2A and COSMIC-2B

Added value of COSMIC-2 CTL Assimilates perfect conventional and satellite data; biases added to satellite data
C2EQ CTL plus COSMIC-2A
C2PO CTL plus COSMIC-2B
C2 CTL plus COSMIC-2A and COSMIC-2B

Sensitivity to COSMIC-2 C2 Assimilates COSMIC-2 observations with a 6-h assimilation time window

observation density C2_120 Assimilates COSMIC-2 observations with a 4-h assimilation time window

C2_60 Assimilates COSMIC-2 observations with a 2-h assimilation time window
C2_30 Assimilates COSMIC-2 observations with a 1-h assimilation time window

system (GPS) and the Russian Global Navigation Sat-
ellite System (GLONASS) constellations, and using the
forward operator described in Cucurull (2010). No sys-
tematic or random errors were added to the observa-
tions, except for satellite radiances. The use of perfect
observations complicates the application of the results
to reality, but allows for a more straightforward in-
terpretation of the results, which otherwise would be a
mix of impacts from observations and their error char-
acteristics. Since satellite radiances are bias corrected in
modern operational data assimilation systems, and RO
plays a key role in the bias-correction schemes by pre-
venting the model from drifting toward its own biased
climate (Dee 2005; Healy and Thépaut 2006; Poli et al.
2010; Bauer et al. 2014; Cucurull et al. 2014; Bonavita
2014), biases obtained from an experiment that used the
2012-year NCEP operational configuration with real
observations at a lower horizontal resolution of T382
were added to the perfect satellite radiances. We should
emphasize that the magnitude of these biases was very
small, and running a control experiment with perfect
and bias-added radiances produced very similar levels of
forecast skill. Seven-day (168 h) experimental forecasts
begin at 0000 UTC from 20 July to 30 August 2005. The
first 19 days of the experiments from 1 to 19 July are used
for model spinup.

3. Information content of COSMIC-2 soundings

We first conducted a series of experiments to in-
vestigate the thermodynamic information associated
with the COSMIC-2 soundings. For this purpose, a poor
baseline (BASE) experiment that assimilated only sur-
face pressure observations with a 6-h assimilation time
window (i.e., =3h from the analysis time) was run.
Soundings of refractivity from COSMIC-2A were as-
similated in BC2EQ (““EQ” for Equatorial launch), and

soundings of refractivity from COSMIC-2B were as-
similated in BC2PO (“PO” for polar launch). Finally, all
COSMIC-2 profiles (i.e., COSMIC-2A and COSMIC-2B
combined) were assimilated in BC2. In all three cases,
the assimilation of RO observations used a 6-h assimi-
lation time window (*3 h from the analysis time).

The sensitivity of our results to the number of RO
observations was investigated by repeating the experi-
ments with a shorter assimilation time window, from 6 to
1h (i.e., =30 min from the analysis time). COSMIC-2A
was assimilated in BC2EQ_30, COSMIC-2B in
BC2PO_30, and COSMIC-2 in BC2_30. (The assimila-
tion time window for the surface pressure observations
was kept fixed at 6 h in all experiments.) To compare the
forecast skill of our experiments against the skill of a
“perfect” run, we conducted an additional run that as-
similated perfect observations of temperature, moisture,
and wind at multiple pressure levels. These observations
were simulated from the nature run at every grid point
and ingested into the data assimilation system. This
reference run experiment, called NR, represents the
best possible forecast skill in the OSSE system and
provides a benchmark for the maximum improvement
that can be achieved by any single experiment.

The spatial distributions of the COSMIC-2 observa-
tions for 6- and 1-h assimilation time windows are shown
in Figs. 1a and 1d, respectively. From the figures, it is
evident that COSMIC-2A (~6000 profiles per day for a
6-h assimilation time window) provides denser coverage
in the tropical latitudes, although the geographical lo-
cation of the observations extends to 45°N and 45°S. On
the other hand, COSMIC-2B (~6000 profiles per day
for a 6-h assimilation time window) provides the global
spatial distribution of the observations, extending be-
yond the midextratropics. Results of the experiments
are evaluated in terms of the mass, humidity, and
wind fields.
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FI1G. 1. Spatial distribution of the COSMIC-2A (green) and COSMIC-2B (red) observations for (a) =3-h, (b) =2-h, (c) *=1-h, and
(d) £30-min assimilation time windows.

a. Mass and moisture fields

Figures 2a and 2b show the anomaly correlation (AC)
skill for the 500-mb (1 mb = 1 hPa) geopotential heights
using a 6-h assimilation time window (i.e., using the full
amount of RO data) for the northern extratropics (NH;
20°-80°N) and southern extratropics (SH; 20°-80°S),
respectively. In the NH, the assimilation of COSMIC-2
observations in BC2EQ increases the skill as compared
to the BASE experiment (difference of 0.16 in AC at day
5), but the largest improvement comes from the assim-
ilation of observations in BC2PO (difference of 0.68 in
AC at day 5). Note that adding observations from the
full COSMIC-2 mission in BC2 does not result in an
improvement in skill as compared to BC2PO. This
seems to indicate that, for this model horizontal reso-
lution and assimilation scheme, and for this metric,
saturation with COSMIC-2 data might already occur
with the number and distribution of observations
available in BC2PO and, by increasing the number of
observations in the tropical latitudes, the skill of the
model does not improve. In all cases, there is still room
for improvement, as the NR, which also assimilated
wind information, shows larger skill than any other of
the experiments (difference of 0.82 in AC with respect
to BASE at day 5). It is remarkable that a significant

percentage of the skill in the NR in the extratropics is
already achieved with the assimilation of COSMIC-2B
and surface pressure observations in BC2PO (85.4%
at day 5).

In general, and for all of the experiments, the AC
skill is found to be slightly larger in the SH (winter;
Fig.2b) than in the NH (summer; Fig. 2a). Experiment
BC2EQ shows the largest difference (SH > NH by
~0.1in AC for all the lead times). The only exception
is BASE, which shows larger AC skill in the NH than
in the SH. The reason for this is that the density of the
surface observations assimilated in BASE is much
higher in the NH than in the SH, resulting in the
slightly better performance of BASE in the NH.
However, since the difference between any of the
experiments and BASE is larger in the SH, and BASE
performs worse in the SH, the benefits from assimi-
lating RO are much greater in the SH than in the NH.
This result is in agreement with earlier OSE studies
with existing RO profiles that used modern data as-
similation configurations and included all the obser-
vations available for operational weather forecasting
(e.g., Cucurull 2010). Note that NR also shows slightly
higher AC skill in the SH than in NH, indicating that
predictability might be higher in the SH winter than in
the NH summer. As it is found in the NH, BC2PO
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FIG. 2. AC scores for the 500-mb geopotential heights for BASE (black), BC2EQ (red), BC2PO (green), BC2 (blue), and NR (orange)
for the (a) NH and (b) SH, and for BASE (black), BC2EQ_30 (red), BC2PO_30 (green), BC2_30 (blue) and NR (orange) for the (¢) NH
and (d) SH. Lower parts of each panel show differences with respect to BASE, with positive being an improvement. All differences are

statistically significant at the 95% confidence level.

and BC2 show very similar AC skill levels, and the as-
similation of RO observations alone in BC2PO accounts
for 86.1% of the skill of the NR in the SH at day 5.
Different from the results found in the NH, the denser
tropical RO data in BC2EQ account for a larger amount
of the skill of BC2 (49.5% at day 5), while this per-
centage is lower in the NH (34.1% at day 5). The room
for improvement (i.e., difference between BC2 and NR)
is similar in both latitudinal ranges (~0.13 in AC at day
5). All the differences between the experiments and
BASE are statistically significant at the 95% confidence
level for both latitudinal ranges.

The impact of reducing the number of RO soundings
assimilated is addressed in Figs. 2c and 2d for the NH
and SH, respectively. Differences in the AC skill of

geopotential heights at 500 mb between the NH and SH
are slightly larger than when a wider data acceptance
time window was used, with the differences now ex-
tending to all forecast lead times. Although the differ-
ence between BC2PO_30 and BC2_30 is still insignificant
in the SH, the AC skill in the NH slightly benefits from
the assimilation of additional tropical RO observations
(by ~0.04 in AC at day 5). This seems to indicate that
the number of RO observations in the tropical latitudes
in BC2PO_30 is high enough to saturate the forecast
skill in terms of AC in the SH, but not in the NH, which
benefits from additional tropical observations. This
might be caused by the lower predictability seen in the
NR in the NH and, thus, the need for a larger number of
observations than in the SH in order to obtain similar
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FI1G. 3. AC scores for the 500-mb geopotential heights for BC2EQ_30 (black), BC2EQ (red), BC2PO_30 (green), BC2PO (blue),
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BC2EQ_30 in (a) and (b), and with respect to C2EQ_30 in (c) and (d), with positive being an improvement. Bars show limits of
statistical significance at the 95% confidence level; values above bars are statistically significant.

weather forecast skill. A significant percentage of the
skill of the NR is already achieved with the assimilation
of RO observations alone in BC2PO_30 (61.8% at day 5
in NH, and 81.4% at day 5 in SH). All the differences
between the experiments and BASE are statistically
significant at the 95% confidence level.

The AC skill for all the experiments that assimilate
RO observations is shown combined in Figs. 3a and 3b.
As shown in Fig. 2, there is no benefit in the extratropics
from increasing the number of RO observations in the
tropical latitudes, as the differences between BC2EQ
and BC2EQ_30, and BC2PO and BC2, are very small.
(There is, however, a slight improvement in AC skill in

the NH by adding observations in the tropics when the
reduced time window is used, since BC2_30 is slightly
better than BC2PO_30). On the other hand, there is
benefit in the extratropics from increasing the number of
RO soundings when the observations are globally dis-
tributed: BC2PO and BC2 show more skill overall than
BC2PO_30 and BC2_30.

Vertical cross sections of the systematic differences
between the experiments and the nature run are
shown for the temperature analysis field in Fig. 4.
Results are averaged over the verification period of
the study. As expected, the assimilation of RO ob-
servations in BC2EQ reduces the bias in the analyses
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FIG. 4. Vertical cross section of the systematic temperature analysis error with different COSMIC-2 configurations. Results are averaged

primarily within the tropical latitudes. On the other
hand, the assimilation of globally distributed obser-
vations (BC2PO and BC2) improves the analyses
globally. Once again, little improvement is gained

over the period of the study (20 Jul-30 Aug 2005).

from the assimilation of additional observations in the
tropics (TR, 20°S-20°N) in BC2. A reduction of the
assimilation window in BC2EQ_30, BC2PO_30, and
BC2_30results in similar findings, although the impact
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of the observations in reducing the biases is now
slightly lower.

There is also a small improvement in specific humidity
from adding new RO observations in both the 6- and the
1-h assimilation time window experiments (Fig. 5). The
bias in specific humidity is lower for the experiments
that use the 6-h assimilation time window, and the
lowest value is found for the experiment that uses the
largest number of RO profiles (BC2). The largest im-
provements are found in the mid- and lower tropo-
sphere, where the sensitivity of RO to moisture is larger.

b. Global winds

The 3-day root-mean-square (rms) errors for the
lower- (850mb) and upper-level (200mb) winds are
shown in Fig. 6 for all of the experiments. As expected,
the largest errors for the lower-level winds are found in
BASE and the smallest in NR. As was found for the
geopotential heights, the winds in BASE are worse in
the SH than in the NH by ~6ms ™. Differences in the
NR are significantly smaller (~1ms ') between the two
latitudinal bands. The addition of RO observations in
BC2EQ improves winds globally, and further improve-
ment is achieved from assimilating RO observations in
BC2PO (total error reductions over BASE of 47.9% in
NH, 35.3% in TR, and 57.3% in the SH). There is no
further improvement when additional tropical RO ob-
servations are added in BC2, including in the tropics.
(The differences between BC2PO and BC2 are not
statistically significant.) This corroborates the results of
the previous section: at this model resolution and for this
assimilation technique, saturation with COSMIC-2 data
might be already achieved with the global distribution of
BC2PO. When the assimilation time window is reduced
to 30 min, global winds rms errors are slightly reduced
when additional observations are ingested in BC2_30, as
compared to BC2PO_30, by ~0.15ms™ ' on average,
although these differences are not statistically signifi-
cant. From all the experiments that assimilate RO ob-
servations, BC2PO has the lowest wind rms errors.

Similar results are found for the 200-mb upper-level
winds: improvement from BASE to BC2EQ and
BC2EQ_30, neutral impact from BC2PO to BC2, and
from BC2PO_30 to BC2_30 (differences between
BC2PO and BC2, and BC2PO_30 and BC2_30, are not
statistically significant).

4. Added value of COSMIC-2 observations

We run a second set of experiments with perfect ob-
servations to quantify the additional benefits of
COSMIC-2 within the context of a control (CTL) ex-
periment that ingested all the conventional and satellite
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data routinely assimilated by most operational weather
centers. Observations of COSMIC-2A were assimilated
in C2EQ, COSMIC-2B in C2PO, and profiles from
COSMIC-2A and COSMIC-2B combined were assimi-
lated in C2. In all three cases, the assimilation of all the
observations, including RO, used a 6-h assimilation time
window. Identical experiments using a reduced assimi-
lation time window of 1h for the RO observations were
run in C2EQ_30, C2P0O_30, and C2_30, respectively.

a. Mass and humidity fields

AC skill results for NH and SH using a 6-h assimila-
tion time window are shown in Figs. 7a and 7b, re-
spectively, for the 500-mb geopotential heights as a
function of the forecast hour. As expected, the CTL
performs much better than BASE and the impact of
assimilating RO observations is now less significant. In
the NH (Fig. 7a), differences between CTL and C2EQ
are not statistically significant, indicating that the impact
in the NH from the assimilation of COSMIC-2 obser-
vations in the primarily tropical latitudes is neutral. A
slight benefit over the CTL is obtained when the spatial
distribution of the observations is more uniform among
latitudinal ranges in C2PO and C2 (0.01 in AC at day 5).
Note that, as was found in the baseline experiment
configuration, there is no benefit from assimilating ad-
ditional observations in the tropical latitudes in C2 over
C2PO. (Experiments C2PO and C2 show very similar
levels of skill.) Differences between C2PO (and C2) and
CTL are statistically significant until day 4. Experiment
C2 contains 94.7% of the AC skill of the NR at day 5,
with 93.6% already contained in CTL and the rest at-
tributed to the RO observations.

As discussed in Cucurull and Anthes (2015), it is im-
portant to emphasize that, although the differences in
AC skill might look small, these small differences are
considered significant within the scientific community.
The improvement in the AC score at 500 mb over the
past three decades has been ~1.5%yr ' (English
et al. 2013).

The contribution of COSMIC-2 to improving the
weather forecast skill is larger in the SH (Fig. 7b). This
result is an agreement with earlier OSE studies with real
COSMIC observations. Differences between all the
experiments that assimilate COSMIC-2 observations
and CTL are now statistically significant until day 6.
Although the largest benefits come from the assimila-
tion of COSMIC-2 observations in C2, there is already a
positive contribution from the assimilation of RO ob-
servations in the tropical latitudes (C2EQ). Note that in
the SH there is some benefit from assimilating addi-
tional RO observations in the tropical region, as C2 is
slightly better than C2PO. As expected, the differences
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between the NR and the CTL are larger in the SH than
in the NH (by 0.03 in AC at day 5), as a result of a slightly
worse CTL and a better NR, indicating that there is
more room for improvement in the SH from the as-
similation of additional observations. (The lower num-
ber of conventional observations available in the SH, as
compared to the NH, results in a worse CTL.) In the SH,
experiment CTL contains 90.3% of the skill of the NR at
day 5, while the addition of RO observations in C2 in-
creases this value to 92.7%.

In the previous section it was found that, at day 5, the
assimilation of COSMIC-2 observations alone accoun-
ted for 73.6% of the skill of the NR in the NH, and for
86.1% of the NR in the SH, whereas the CTL assimila-
tion accounts for 93.6% of the NR skill in the NH and

90.3% in the SH. By comparison, experiment C2 con-
tains 94.7% of the AC skill of the NR in the NH and
92.7% in the SH. Thus, the use of all the conventional
and satellite radiance observations in CTL makes a
larger contribution toward the skill of the NR as com-
pared to the COSMIC-2 observations alone, by 10% in
the NH and by 4.2% in the SH. COSMIC-2 only in-
creases the skill of the CTL by 1.1% in the NH and 2.4%
in the SH. Thus, one must conclude from this result that
RO observations cannot replace most of the current
observing system. Of course, it should be noted that
these results are based on only one metric and there are
undoubtedly many individual high-impact weather
events where different observing systems make critical
differences.
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In the SH, the assimilation of RO observations also
alleviates some dropouts (i.e., a quick drop in AC skill
at a given time) present in the CTL experiment during
the period under study (Fig. 8a). In Fig. 8a, two dropouts
in the 5-day ACskill for the 500-mb geopotential heights
are evident in the CTL experiment on 8 and 23 August
2005. This drop in AC skill is less intense in C2EQ and
further reduction is found with the assimilation of RO in
C2PO and C2 for the 8 August case. (The improvement
in skill is more similar for all the experiments that as-
similate RO for the 23 August case.) In both cases, there
is still room for improvement when compared to the
NR, which also shows a small dropout at these two
verification times.

Differences between the experiments that assimilate
COSMIC-2 and the CTL become insignificant in the NH
when the assimilation time window for RO observations
is reduced to 1 h (Fig. 7c), suggesting that the number of
RO profiles in C2EQ_30, C2PO_30, and C2_30 is too
low to have a positive impact on weather forecast skill.
However, the number of RO soundings is enough to
improve the AC skill in the SH (Fig. 7d), where the
lower number of conventional observations allows for a
new observing system to make a larger positive impact,
and with the largest improvement found in C2PO_30
and C2_30. Also, notice that C2PO_30 and C2_30 show
very similar levels of skill, thus adding a few more pro-
files in the tropics does not result in an improvement in
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forecast skill. On the other hand, many more profiles in
the tropics results in an improvement since C2 is better
than C2PO (Fig. 7b). Differences in the SH are statis-
tically significant until day 6. A smaller number of RO
profiles is not capable of mitigating the dropout found in
the CTL on 8 August in any of the experiments, and just
partially for the 23 August dropout case (Fig. 8b).

All the experiments are shown combined in Figs. 3c
and 3d for the NH and SH, respectively. The largest
benefits in both latitudinal bands come from the assim-
ilation of RO in C2PO and C2, although differences
between these two runs and C2EQ_30 are not statisti-
cally significant beyond day 4.

Temperature differences between the experiment
analyses and the NR, averaged over the verification
period, are shown in Fig. 4. As expected, the biasin CTL
is lower than in BASE, and some benefits from the as-
similation of COSMIC-2 observations exist. The largest
reduction in bias is found in C2, where the direct benefits
of assimilating almost nonbiased RO observations by
“anchoring” the model are combined with the indirect
benefits of improving the bias correction of the satellite
radiances. It is interesting that BC2 seems to be slightly
better than CTL. This seems to suggest that the direct
benefits of assimilating COSMIC-2 observations in re-
ducing the bias of the model are slightly larger than the
impact of the bias correction schemes applied to the
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satellite radiance data, without the assimilation of RO
observations, in reducing the bias of the model. How-
ever, there is room for improvement in all experiments,
as the temperature bias in the NR is lower than in any
other experiment.

Similar results, although of less magnitude, are found
when a 1-h assimilation time window is used instead.
With the use of either assimilation time window, these
results suggest that observations with global distribution
are needed in order to reduce the bias globally.

The addition of COSMIC-2 observations also results
in a reduction of moisture systematic differences in both
the 6- and the 1-h assimilation time window experiments
(Fig. 5), although the benefits are larger with the ex-
tended assimilation time window. Once again, the low-
est value in bias is found for the experiment that uses the
largest number of RO profiles (C2). As in the case of the
temperature field, the reduction of the moisture bias in
the mid- and lower troposphere is slightly larger in BC2
than in CTL, reinforcing the benefits of assimilating al-
most nonbiased observations in reducing biases in the
analysis.

b. Global winds

Figure 9 shows the 3-day rms errors for the lower-
(850 mb) and upper-level (200 mb) winds in the NH, TR,
and SH latitudinal ranges. As expected, all the rms er-
rors in CTL are much lower than in BASE (Fig. 6) and,
consequently, there is now less room for improvement
from assimilating additional observations.

Lower-level rms error winds are globally slightly re-
duced by adding RO observations in C2EQ, and further
reduction is obtained when globally distributed RO
observations are assimilated in C2PO. Additional
RO profiles in the tropical latitudes available in C2
slightly improve the winds in the extratropics, but
they slightly degrade the skill in the TR. Overall,
a neutral or slightly positive impact is found with a 1-h
assimilation time window when the number of profiles
increases from C2EQ_30 to C2PO_30 and to C2_30. The
smallest rms error winds are found when a wider assim-
ilation time window is used, except in the TR, where C2 is
slightly worse than C2_30. However, differences between
experiments are small and not statistically significant.

For the upper-level winds, there is a slight improve-
ment in C2EQ over CTL, and in C2PO over C2EQ, and
the impact is neutral from C2 to C2PO, reaffirming a
possible saturation in forecast skill with the number of
COSMIC-2 observations already available in C2PO.
Results are more mixed when the shorter assimilation
time window is used: a progressive improvement in the
SH from C2EQ_30 to C2PO_30 and from C2PO_30 to
C2_30; a progressive improvement in the NH from
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that evaluate the added value of COSMIC-2.

C2EQ_30 to C2PO_30, but with a slight degradation
from C2PO_30 to C2_30; and a degradation in the TR
from C2EQ_30 to C2PO_30, but with an improve-
ment from C2PO_30 to C2_30. However, and as for the
lower-level winds, the differences between experiments
are small and not statistically significant.

5. Sensitivity of weather forecast skill to COSMIC-2

observation density

To investigate the sensitivity of the model forecast
skill to the number of COSMIC-2 soundings assimi-
lated in the model, we run two additional experiments:
C2_120 assimilated COSMIC-2 observations (both
equatorial and polar components) with a 4-h (£2h from
the analysis time) assimilation time window, and C2_60

assimilated COSMIC-2 observations with a 2-h (=1h
from the analysis time) assimilation time window. The
geographical locations of the RO soundings for these
two additional assimilation time windows are shown in
Figs. 1b and Ic, respectively.

Die-off curves for the AC of the 500-mb geopotential
heights are represented for the different assimilation
time windows in Figs. 10a and 10b for the NH and SH,
respectively. The comparison between the several ex-
periments illustrates the difference in forecast skill ob-
tained by increasing the number of COSMIC-2
soundings. As indicated in Fig. 1, the coverage of the
observations significantly decreases as the data accep-
tance time window shortens from 6 to 1h.

The spatial distribution of the observations in Fig. 1b
(C2_120, 4-h assimilation time window) provides the
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highest AC score in the NH. Differences between C2_120
and CTL are statistically significant until day 5. As found
in the previous section, there is no gain in skill over CTL
when the scarcer sampling in Fig. 1d is used. Results are
different in the SH, where C2_60, C2_120, and C2 result
in a similar improvement in skill over CTL, with dif-
ferences statistically significant until day 6. Note that
C2_30 also improves skill, although less so than when a
denser RO data sampling is used. Thus, the COSMIC-2
data distribution from Fig. 1b results in the best fore-
cast skill (globally) for the resolution and data assimi-
lation configuration used in our study. The lowest
sampling distribution (Fig. 1d) would result in an im-
provement in skill in the SH, but would have a neutral
impact in the NH. In both latitudinal ranges, there is
room for improvement as the NR performs better than
any of the experiments that assimilate COSMIC-2
observations.

6. Conclusions

We conducted a series of simplified OSSEs to evalu-
ate the impact of COSMIC-2 on the skill of global
weather forecasts, including both the equatorial and
polar components of the mission. Because our study uses
an earlier version of the NCEP GFS model and GSI
3DVAR analysis with perfect observations, results
cannot directly be extrapolated to what we would obtain
if a state-of-the-art operational forecast model and data
assimilation system were used instead, and/or realistic
errors were added to the observations. For example,
improvements in the variational bias correction applied

to the satellite radiance observations and the use of a
hybrid ensemble variational analysis that exist in
NOAA'’s operational system, rather than the de-
terministic version of the GSI analysis adopted in our
experiments, might alter the results of this study by ei-
ther increasing or decreasing the impact of COSMIC-2
soundings in weather forecast skill. Therefore, results of
this study cannot be used to support funding decisions.
Our investigation provides scientific information on the
characteristics of the RO technology in general, and
COSMIC-2 in particular, and its potential impact on
global weather forecast skill.

Opverall, the benefits from assimilating COSMIC-2
observations were found to be more significant in the SH
than in the NH, consistent with earlier studies using real
RO observations. Further improvement in forecast skill
might be obtained with additional RO profiles with
global spatial coverage that is different than that of
COSMIC-2 and other types of observations. Our results
suggest that a global distribution of RO observations is
needed to reduce biases globally and we found that, in
order to improve terrestrial weather forecasting, the
impact of having a more uniform distribution of obser-
vations as provided by COSMIC-2B is more important
than increasing the density of data over the tropical
latitudes as achieved by COSMIC-2A.

For the data assimilation system and the metrics
used in this study, it appears that the optimal assimi-
lation time window for COSMIC-2 is 4 h. Assimilating
more observations from the COSMIC-2 constellation
by extending the assimilation time window to 6 h does
not result in an increase in weather forecast skill.
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However, a more modern data assimilation system
with higher horizontal resolution would likely bene-
fit from the assimilation of a larger number of RO
observations.

When a poor baseline was used, results showed sig-
nificant improvement in global weather forecast skill
with COSMIC-2A but the largest benefit came from the
COSMIC-2B assimilation. No additional benefit was
found from assimilating COSMIC-2A data in addition
to COSMIC-2B. With the use of a more realistic OSSE
configuration, which includes the current observing
system but incorporating perfect simulated observa-
tions, we found the impact of COSMIC-2A to be neutral
in the NH, and only a slight positive impact was found
with COSMIC-2B. Again, no benefits over COSMIC-2B
were found when COSMIC-2A data were assimilated on
top of the COSMIC-2B data in the NH. This seems to
indicate that, for the data assimilation configuration and
model horizontal resolution used in this study, and
neglecting the error structures associated with the ob-
servations that exist in the real world, the second launch
of COSMIC-2 is more important than the first launch in
order to improve skill in the NH. However, once again,
it is possible that forecast skill would benefit from a
denser pattern of RO coverage over the tropical lati-
tudes if a more modern data assimilation system was
used. For example, denser observing networks might be
beneficial for the higher horizontal resolution of current
data assimilation systems. Future work will address this
question by performing OSSEs with a more state-of-the-
art data assimilation system and the use or error-added
observations. Although the largest benefits still come
from the assimilation of COSMIC-2B observations and
not from COSMIC-2A in the SH, a positive impact from
COSMIC-2A already exists, and the assimilation of both
COSMIC-2A and COSMIC-2B combined provides the
best weather forecast skill in the SH.

The fact that our findings are consistent with earlier
studies that used real RO observations, gives us confi-
dence in the value of the results of this study. A new
OSSE system with a more state-of-the-art nature run
generated by NASA’s Global Modeling and Assimila-
tion Office (Putman et al. 2015) is being developed at
NOAA in collaboration with other entities (Boukabara
et al. 2016), and more rigorous OSSEs with RO and
other observing systems will be reported upon in the
near future. Finally, our study has only evaluated the
impact of COSMIC-2 in terrestrial weather prediction
and we have not addressed the benefits that these data
are expected to provide for space weather applications.
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